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:H SUHVHQW D WKHRUHWLFDO PRGHO RI WKH FRXSOHG HYROXWLRQ RI WKH SKDVH VSDFH GHQVLWLHV RI VRODU HQHUJHWLF
SDUWLFOHV �6(3� DQG LQWHUSODQHWDU\ $OIYuHQ ZDYH GLVWULEXWLRQ IRU LQWHUSUHWLQJ WKH HYROXWLRQ RI HOHPHQWDO
DEXQGDQFHV LQ 6(3 DFFHOHUDWHG E\ D WUDYHOLQJ LQWHUSODQHWDU\ VKRFN� 7KH PRGHO LV IRUPXODWHG LQ
?PL[HG� FRRUGLQDWHV DQG LQFOXGHV WKH HmHFWV RI PDJQHWLF IRFXVLQJ� SLWFK�DQJOH VFDWWHULQJ� VRODU�ZLQG
FRQYHFWLRQ� DQG DGLDEDWLF GHFHOHUDWLRQ� DV ZHOO DV ZDYH WUDQVSRUW DQG DPSOLnFDWLRQ E\ VWUHDPLQJ
SURWRQV� 7KH UHVXOWV VXJJHVW WKDW D NH\ LQJUHGLHQW IRU XQGHUVWDQGLQJ 6(3 DEXQGDQFH YDULDWLRQ LV WKH
WUDQVSRUW RI VKRFN DFFHOHUDWHG LRQV WKURXJK SURWRQ H[FLWHG QRQ�.ROPRJRURY ZDYH VSHFWUD�

� ,QWURGXFWLRQ
7KH DFFHOHUDWLRQ DQG WUDQVSRUW RI 6(3 KDV ORQJ EHHQ D FKDOOHQJH IRU WKHRUHWLFDO PRGHOLQJ EHFDXVH

RI WKH YDULHW\ DQG FRPSOH[LW\ RI WKH SK\VLFDO SURFHVVHV LQYROYHG �/HH� ����� 5HDPHV� ������ 'HVSLWH
WKH GLmFXOWLHV� WKH FKDOOHQJH PXVW EH PHW QRW RQO\ IRU WKHRUHWLFDO LQWHUHVW EXW DOVR IRU LQWHUSUHWLQJ 6(3
REVHUYDWLRQV� 7KH SUHVVLQJ QHHG IRU D UHDOLVWLF PRGHO LV PDQLIHVW ZKHQ ZH DWWHPSW WR XQGHUVWDQG WKH
V\VWHPDWLF YDULDWLRQV RI 6(3 DEXQGDQFHV REVHUYHG E\ WKH VHQVLWLYH :LQG�(3$&7 LQVWUXPHQW �7\OND�
5HDPHV 	 1J� ����D�E�� 7KH WHPSRUDO YDULDWLRQV RI 6(3 DEXQGDQFHV H[SORUH WKH GLmHUHQFHV LQ WKH
DFFHOHUDWLRQ DQG WUDQVSRUW H[SHULHQFHG E\ 6(3 LRQV RI GLmHUHQW $�4 UDWLRV �$  DWRPLF PDVV� 4  
FKDUJH VWDWH�� DQG FKDOOHQJH RXU LQJHQXLW\ LQ VHSDUDWLQJ WKH UROHV SOD\HG E\ VRXUFH DEXQGDQFHV� FKDUJH
VWDWHV� DFFHOHUDWLRQ DQG LQWHUSODQHWDU\ WUDQVSRUW� :H KDYH WDNHQ WZR LPSRUWDQW VWHSV LQ PRGHOLQJ WKH
HYROXWLRQ RI LRQ SKDVH VSDFH GHQVLWLHV E\ LQFOXGLQJ �L� WKH HmHFW RI VHOI H[FLWHG ZDYHV RQ 6(3 WUDQVSRUW
�1J 	 5HDPHV� ������ DQG �LL� D PRYLQJ VRXUFH RI HQHUJHWLF LRQV DVVRFLDWHG ZLWK D WUDYHOLQJ VKRFN
�1J� 5HDPHV 	 7\OND� ������ ,Q WKLV SDSHU� ZH SUHVHQW SUHOLPLQDU\ UHVXOWV IURP RXU QHZHVW PRGHO
ZKLFK QRZ LQFOXGHV WKH HmHFWV RI VRODU�ZLQG FRQYHFWLRQ RQ LRQV DQG ZDYHV� DQG DGLDEDWLF GHFHOHUDWLRQ�
7KH QHZ UHVXOWV VXSSRUW RXU HDUOLHU VXJJHVWLRQ WKDW LRQ WUDQVSRUW WKURXJK SURWRQ DPSOLnHG ZDYHV LV
NH\ WR XQGHUVWDQGLQJ WKH WHPSRUDO HYROXWLRQ RI 6(3 DEXQGDQFHV�

� 0RGHO DQG (TXDWLRQV
7KH PRGHO LQFOXGHV PDJQHWLF IRFXVLQJ� SLWFK�DQJOH VFDWWHULQJ� ZDYH DPSOLnFDWLRQ� HQHUJHWLF LRQ

VRXUFH DW D WUDYHOLQJ ?VKRFN�� VRODU�ZLQG FRQYHFWLRQ RI ZDYHV DQG LRQV� DQG DGLDEDWLF GHFHOHUDWLRQ� :H
PDNH VHYHUDO VLPSOLnFDWLRQV WR UHQGHU WKH PRGHO WUDFWDEOH� $FFHOHUDWLRQ LV GHFRXSOHG IURP WUDQVSRUW
E\ LQMHFWLQJ WLPH YDU\LQJ SRZHU�ODZ HQHUJHWLF LRQ VSHFWUD DW D ?VKRFN� WKDW WUDYHOV ZLWK FRQVWDQW
YHORFLW\ 9VK RQ D UDGLDO PDJQHWLF nHOG� 7KH SKDVH�VSDFH GHQVLWLHV IV�x� 3� U� W� RI LRQ VSHFLHV V DQG WKH
GLmHUHQWLDO PDJQHWLF HQHUJ\ GHQVLW\ ,}�N� U� W� RI }�PRGH $OIYuHQ ZDYH VDWLVI\ WKH IROORZLQJ GLmHUHQWLDO
HTXDWLRQV LQ ?PL[HG FRRUGLQDWHV�� �U� W� LQ n[HG LQHUWLDO IUDPH DQG �x� 3 � LQ WKH VRODU�ZLQG IUDPH�

#)V

#W
�

#

#U
>�xY�: �)V@�

#

#x

�
�b x�

U
�Y � x: �)V

�
b3

#

#3

�
�b x�

U
:)V

�
b

#

#x

�
'V

xx

#)V

#x

w
 *V ���

#k}

#W
�

#

#U
�9}k}� �

#

#s

�t
�
9}

U
b

G9}

GU

u
k}

w
 o}k} ���



Report Documentation Page Form Approved
OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number. 

1. REPORT DATE 
1999 2. REPORT TYPE 

3. DATES COVERED 
  00-00-1999 to 00-00-1999  

4. TITLE AND SUBTITLE 
A Model for the Evolution of the Elemental Abundances of Solar
Energetic Particles 

5a. CONTRACT NUMBER 

5b. GRANT NUMBER 

5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S) 5d. PROJECT NUMBER 

5e. TASK NUMBER 

5f. WORK UNIT NUMBER 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
Naval Research Laboratory,E. O. Hulburt Center for Space
Research,4555 Overlook Avenue, SW,Washington,DC,20375 

8. PERFORMING ORGANIZATION
REPORT NUMBER 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S) 

11. SPONSOR/MONITOR’S REPORT 
NUMBER(S) 

12. DISTRIBUTION/AVAILABILITY STATEMENT 
Approved for public release; distribution unlimited 

13. SUPPLEMENTARY NOTES 
Proceedings of the 26th International Cosmic Ray Conference (Salt Lake City), 6, 151-154 (1999) 

14. ABSTRACT 
 

15. SUBJECT TERMS 

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 
ABSTRACT 
Same as

Report (SAR) 

18. NUMBER
OF PAGES 

4 

19a. NAME OF
RESPONSIBLE PERSON 

a. REPORT 
unclassified 

b. ABSTRACT 
unclassified 

c. THIS PAGE 
unclassified 

Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std Z39-18 



'V
xx  

Y�

�3 �

;
}

=
GN ,}�N� U� W�5

}
xx�x� Y� 3� N� 9}� ���

o}  �{
�J}H

�F9$

==
GxG3

3 �

(�

5}
xx

��b x9} Y��
#I+
#x

���

)V�x� 3� U� W�  
%�

%

�
3

3��V

��
IV�x� 3� U� W� DQG k}�N� U� W�  

N

N�

%�

%

9}
9$
�,}�N� U� W��

,Q WKH DERYH� W LV WLPH� U KHOLRFHQWULF GLVWDQFH� Y LRQ YHORFLW\� 3 ULJLGLW\� x SLWFK�DQJOH FRVLQH�
'V

xx�3� x� U� W� VSHFLHV�V GLmXVLRQ FRHpFLHQW LQ x�VSDFH� %  %��U� U�
� PDJQHWLF nHOG� N ZDYHQXPEHU�

s  OQ�N %�� *V LRQ VRXUFH WHUP� o} JURZWK UDWH RI ,}� F OLJKW VSHHG� H HOHPHQWDU\ FKDUJH� ( SURWRQ
WRWDO HQHUJ\� 9$ � Ub� $OIYuHQ VSHHG� : VRODU�ZLQG VSHHG� 9VK VKRFN VSHHG� UVK  U��VK � W9VK VKRFN
GLVWDQFH IURP 6XQ� 9}  : � J}9$� J}  h� IRU RXWZDUG �LQZDUG� ZDYHV� %�� N�� U� DQG U��VK DUH
FRQVWDQWV� DQG 5}

xx�x� Y� 3� N� 9}� LV WKH ZDYH�SDUWLFOH UHVRQDQFH IXQFWLRQ �1J 	 5HDPHV� ������ ,Q
HT� ���� WKH WKLUG� IRXUWK DQG nIWK WHUPV UHSUHVHQW WKH HmHFWV RI IRFXVLQJ� DGLDEDWLF GHFHOHUDWLRQ� DQG
SLWFK�DQJOH GLmXVLRQ UHVSHFWLYHO\� 6HH 5XmROR������� %DUQHV ������ IRU IXUWKHU GLVFXVVLRQ RQ HTV� ���
DQG ���� UHVSHFWLYHO\� 2QO\ I+ DSSHDUV LQ HT� ��� VLQFH WKH PLQRU LRQV FRQWULEXWH QHJOLJLEO\ WR ZDYH
HYROXWLRQ �/HH� ������ (T� ��� IRU I+ DQG HT� ��� IRU ,} DUH FRXSOHG YLD HTV� ��� DQG ���� 7KH LRQ
VRXUFH *V SHU �FP

� 09� K� LV DVVXPHG LVRWURSLF DQG VKDUSO\ SHDNHG DW U  UVK� VXFK WKDW
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DQG *V LV QHJOLJLEOH RXWVLGH �UVKbcU �� UVK�cU ��� ZLWK cU WKH nQLWH�GLmHUHQFH JULG VL]H� ,Q HT� ����
QV�U��U

�
� U

� LV WKH VRODU�ZLQG V�LRQ GHQVLW\ DW U� U� s � $8� 3��V LV WKH ?VHHG� LRQ ULJLGLW\� DQG ZH
VHW D  � d ��b� Kb� IRU DOO LRQ VSHFLHV� :H WDNH Q+�U��� Q2�U�� DQG Q)H�U�� LQ SURSRUWLRQ WR WKH
REVHUYHG FRURQDO DEXQGDQFHV �5HDPHV� ������ H�J� ��� FPb�� ���d ��b� FPb� DQG ���d ��b� FPb��
UHVSHFWLYHO\� $OO LRQV DUH VHHGHG DW WKH VDPH � NH9�DPX �/HH� ������
)RU WKH UHVXOWV LQ 6HFWLRQ �� ZH VWDUW ZLWK HPSW\ LRQ GLVWULEXWLRQV DQG IRUZDUG SURSDJDWLQJ ULJKW

DQG OHIW�KDQG SRODUL]HG $OIYuHQ ZDYH LQWHQVLWLHV ZKLFK DUH VWHDG\�VWDWH VROXWLRQV RI HT���� ZLWK .RO�
PRJRURY VSHFWUD� VXFK WKDW WKH LRQ PHDQ IUHH SDWKV w  � �

5 �
b� Gx��bx���Y 'xx ! � $8 LQ WKH LQQHU

KHOLRVSKHUH� $W W  �� D ?VKRFN� WUDYHOV RXW DW VSHFLnHG YHORFLW\ 9VK� UHOHDVLQJ HQHUJHWLF LRQV ZLWK
VSHFWUDO LQGH[ m  p � n9VK W �HT�>�@�� &ODVVLFDO VKRFN DFFHOHUDWLRQ WKHRU\ JLYHV m  b�FU �FU b ���
ZLWK FU WKH FRPSUHVVLRQ UDWLR� DQG m  b� IRU WKH PD[LPXP FU  �� 7KH FRXSOHG HTV� ��� DQG ���
DUH VROYHG XVLQJ D UHnQHPHQW RI WKH nQLWH�GLmHUHQFH WHFKQLTXHV GHVFULEHG LQ 1J 	 5HDPHV ������� ,Q
6HFWLRQ � ZH VWXG\ KRZ WKH )H�2 DQG +H�+ UDWLRV GHSHQG RQ WKH VKRFN�UHODWHG VRXUFH VWUHQJWK�

� 5HVXOWV
:H VWXG\ WKH HYROXWLRQ RI )H�2 DW ���� ���� DQG ��� 0H9�DPX� DQG +H�+ DW ��� 0H9�DPX� LQ WKH

HQHUJ\ UDQJH UHSRUWHG E\ 7\OND HW DO� �����D�E�� :H WDNH $)H 4)H  �� $2 42  $+H 4+H  ��
7KH FDOFXODWHG DEXQGDQFH UDWLRV DUH GLVSOD\HG YHUVXV WLPH LQ )LJ� ��D���G�� ,Q DOO FDVHV� DOO )H�2
UDWLRV GHFUHDVH SUHFLSLWRXVO\ DIWHU HYHQW RQVHW� )RU PRGHUDWHO\ VWURQJ EXW IDVW ZHDNHQLQJ VKRFN �D��
WKH\ FRQWLQXH WR GHFUHDVH DW VORZHU UDWHV� SXQFWXDWHG E\ D EULHI VPDOO ?VKRFN VSLNH�� )RU PD[LPXP
FRPSUHVVLRQ VKRFN WKDW ZHDNHQV UDSLGO\ �E�� DOO )H�2 UDWLRV UHERXQG WR HQHUJ\�GHSHQGHQW YDOXHV
! �� WKHQ GHFUHDVH WR � �� IDVWHU DW KLJKHU HQHUJ\� )RU WKH SHUVLVWHQW PD[LPXP FRPSUHVVLRQ VKRFN
�F�� DOO )H�2 UDWLRV UHERXQG WR { �� GHFD\LQJ YHU\ VORZO\ SDVW XQLW\ DW VKRFN SDVVDJH� 7KH HQHUJ\
GHSHQGHQFH RI )H�2 LV GLmHUHQW LQ FDVH �F� WKDQ FDVHV �D� DQG �E��
$W RQVHW� +H�+ GHFUHDVHV UDSLGO\ OLNH )H�2 IRU WKH ZHDN VKRFN LQ )LJ� ��D�� EXW ULVHV VKDUSO\ IRU

WKH VWURQJHU VKRFNV LQ �E� DQG �F�� 6LQFH DW WKH VDPH 0H9�DPX� +H�� �)H���� KDV KLJKHU ULJLGLW\



)LJXUH �� )H�2 DQG +H�+ UDWLRV YHUVXV WLPH DW U  ����� $8 IRU GLmHUHQW VRXUFH VWUHQJWK
RI VKRFN�DFFHOHUDWHG LRQV� �D� ,QLWLDOO\ PRGHUDWHO\ VWURQJ EXW IDVW ZHDNHQLQJ VKRFN�
�E� ,QLWLDOO\ PD[LPXP FRPSUHVVLRQ EXW DOVR IDVW ZHDNHQLQJ VKRFN� �F� 3HUVLVWHQW
PD[LPXP FRPSUHVVLRQ VKRFN� 7KH LRQ VRXUFH PRPHQWXP SRZHU�ODZ LQGH[ LV JLYHQ E\
m  p � n9VK W ZKHQ WKH VKRFN LV DW UVK  U��VK � W9VK� �G� 6LPLODU WR �E�� EXW ZLWK QR
VRODU�ZLQG FRQYHFWLRQ RU ZDYH WUDQVSRUW� 9HUWLFDO DUURZ LQGLFDWHV VKRFN SDVVDJH�

)LJXUH �� �D� 'LmHUHQWLDO PDJQHWLF LQWHQVLW\ RI IRUZDUG ULJKW�KDQG $OIYuHQ ZDYH DW U  
����$8 � �E� (YROXWLRQ RI UDGLDO SURnOHV RI PHDQ IUHH SDWK RI ��� 0H9�DPX 2���

DQG ORQJHU PHDQ IUHH SDWK WKDQ +� �2��� LQ D .ROPRJRURY ZDYH VSHFWUXP� WKLV EHKDYLRU LV DW nUVW
VLJKW SX]]OLQJ� ,Q IDFW� ERWK W\SHV RI +H�+ YDULDWLRQ DW RQVHW �LQ FRQWUDVW WR WKH GHFUHDVLQJ )H�2�
KDYH EHHQ UHSRUWHG �7\OND HW DO�� ����D�E� 0DVRQ HW DO�� ����� :LWWH HW DO�� ������
)RU FRPSDULVRQ� ZH GLVSOD\ LQ )LJ� ��G� WKH UHVXOWV REWDLQHG ZLWKRXW VRODU�ZLQG FRQYHFWLRQ DQG

ZDYH WUDQVSRUW� ZLWK SDUDPHWHUV VLPLODU WR WKRVH LQ )LJ� ��E�� 7KH WZR VHWV RI UHVXOWV DUH TXDOLWDWLYHO\
VLPLODU� +RZHYHU� +H�+ VKRZV LQ )LJ� ��G� D YDOOH\ ZKLFK LV DEVHQW LQ )LJ� ��E�� $OWKRXJK ZH GR QRW
GLVSOD\ WKHP KHUH� WKH SURWRQ LQWHQVLW\ WLPH SURnOHV SUHGLFWHG E\ WKH PRGHO LQ WKHVH FDOFXODWLRQV DUH
LQ WKH UDQJH RI WKH REVHUYDWLRQV�



)LJ� ��D� VKRZV WKH HYROXWLRQ RI ULJKW�KDQG SRODUL]HG $OIYuHQ ZDYH VSHFWUXP DW U  ���� $8
IURP DQ LQLWLDO .ROPRJRURY VSHFWUXP� ZKLOH )LJ� ��E� VKRZV WKH HYROXWLRQ RI WKH UDGLDO SURnOHV RI ���
0H9�DPX R[\JHQ PHDQ IUHH SDWK WR W  �� K� ERWK IRU WKH SDUDPHWHUV RI )LJ� ��E�� 7KHVH WZR nJXUHV
UHYHDO WKH G\QDPLF UHVSRQVH RI $OIYuHQ ZDYHV WR HQHUJHWLF SURWRQ VWUHDPLQJ� DQG DUJXH SHUVXDVLYHO\
WKDW WKLV PXVW KDYH LPSRUWDQW FRQVHTXHQFHV RQ 6(3 WUDQVSRUW DQG DEXQGDQFH HYROXWLRQ�

� 'LVFXVVLRQ
7KH NH\ WR XQGHUVWDQGLQJ WKH WKUHH�VWDJH DEXQGDQFH YDULDWLRQV �)LJ� �� ZLWK WKH FRQWUDVWLQJ

EHKDYLRU EHWZHHQ ��� 0H9�DPX )H�2 DQG ��� 0H9�DPX +H�+ FDQ EH JOHDQHG IURP )LJ� �� YL]�
SURWRQ H[FLWDWLRQ RI $OIYuHQ ZDYHV� 7KH SUHFLSLWRXV IDOO RI )H�2 �DQG +H�+ LI LW GRHV� LV VLPSO\ GXH WR
SURSDJDWLRQ HmHFW LQ WKH EDFNJURXQG .ROPRJRURY ZDYH nHOG �� Nb� ��� )RU ,} � NbE� WKH TXDVL�OLQHDU
WKHRU\ SUHGLFWV 'xx Y � 3 Eb�� +HQFH 'xx Y LQFUHDVHV �GHFUHDVHV� ZLWK 3 LI bE LV ! ���b � DW WKH
UHVRQDQW ZDYHQXPEHU NUHV� $ Nb� VSHFWUXP LV VKRZQ LQ )LJ� ��D� IRU FRPSDULVRQ� 7KH EDFNJURXQG
Nb� � VSHFWUXP LPSOLHV 'xx Y � 3b� � HYHU\ZKHUH DQG VR )H�2 DQG +H�+ ZLOO IDOO SUHFLSLWRXVO\
DIWHU HYHQW RQVHW� +RZHYHU� )LJ� ��D� VKRZV WKDW ZDYH HYROXWLRQ EULQJV LQ 'xx Y WKDW GHFUHDVHV
ZLWK 3 DW VRPH NUHV DQG LQFUHDVHV ZLWK 3 DW RWKHU NUHV� LQ D WHPSRUDOO\ �DQG VSDWLDOO\� GHSHQGHQW
PDQQHU� 7KH ULVH RI +H�+ PD\ WKXV EH H[SODLQHG DV IROORZV� 3URWRQV ZLWK WZLFH WKH VSHHG DQG WKH
VDPH ULJLGLW\ DV ��� 0H9�DPX +H�� DQG x z � UDFH DKHDG DW HYHQW RQVHW WR DPSOLI\ HQ URXWH $OIYuHQ
ZDYHV WKDW VXEVHTXHQWO\ VFDWWHU WKH ODWHU DUULYLQJ +H��� :LWK VXpFLHQWO\ KLJK SURWRQ LQWHQVLW\ IURP
D VWURQJ VKRFN� WKLV ZDYH JURZWK FDXVHV WKH nUVW ?ZDYH� RI ��� 0H9�DPX +H�� WR DUULYH ODWHU WKDQ
WKH nUVW ?ZDYH� RI ��� 0H9 SURWRQV� DQG VR +H�+ ULVHV IURP � �� +RZHYHU� WKH SURWRQ GULYHQ ZDYH
JURZWK LV QRW ODUJH HQRXJK DW KLJKHU ULJLGLWLHV �ORZHU ZDYHQXPEHUV� WR UHYHUVH WKH EHKDYLRU RI )H�2
VRRQ DIWHU HYHQW RQVHW� 7KH ULVH RI )H�2 LQ WKH VHFRQG SKDVH LV GXH WR WKH FRQWLQXLQJ ZDYH JURZWK
UHWDUGLQJ 2�� PRUH WKDQ )H���� 7KH nQDO GHFOLQH DV WKH VKRFN DSSURDFKHV LV GXH WR PRUH 2�� EHLQJ
UHWDLQHG QHDU�EHKLQG WKH VKRFN WKDQ )H���� 7KH ODWHU +H�+ YDULDWLRQ PD\ EH XQGHUVWRRG VLPLODUO\�
:H ZLOO FRQWLQXH WR VWXG\ WKH PRGHO KHUH WR XQGHUVWDQG LWV IXOO LPSOLFDWLRQV DQG WR GHOLQHDWH LWV

UDQJH RI YDOLGLW\� :H ZLOO DOVR H[WHQG WKH PRGHO WR LQFOXGH QRQOLQHDU ZDYH FDVFDGLQJ�
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